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Abstract: Vitiligo is an autoimmune skin disorder caused by dysfunctional pigment-producing
melanocytes which are attacked by immune cells. Oxidative stress is considered to play a crucial role
in activating consequent autoimmune responses related to vitiligo. Melanin synthesis by melanocytes
is the main intracellular stressor, producing reactive oxygen species (ROS). Under normal phys-
iological conditions, the antioxidative nuclear factor erythroid 2-related factor 2 (Nrf2) pathway
functions as a crucial mediator for cells to resist oxidative stress. In pathological situations, such as
with antioxidant defects or under inflammation, ROS accumulate and cause cell damage. Herein,
we summarize events at the cellular level under excessive ROS in vitiligo and highlight exposure to
melanocyte-specific antigens that trigger immune responses. Such responses lead to functional im-
pairment and the death of melanocytes, which sequentially increase melanocyte cytotoxicity through
both innate and adaptive immunity. This report provides new perspectives and advances our un-
derstanding of interrelationships between oxidative stress and autoimmunity in the pathogenesis of
vitiligo. We describe progress with targeted antioxidant therapy, with the aim of providing potential
therapeutic approaches.
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1. Introduction

Vitiligo is an autoimmune skin disorder characterized by patches of skin that lose
pigments because of dysfunctional pigment-producing melanocytes being attacked by
immune cells (Figure 1A). The global prevalence of vitiligo is between 0.5% and 2% world-
wide, without six biases [1] (0.76% (1.9 million cases in 2020) and 1.11% (2.8 million cases
in 2020) in the US [2]). The vitiligo phenotype can manifest as different types, medically re-
ferred to as segmental vitiligo (SV) and non-segmental vitiligo (NSV) [1]. Individuals with
segmental vitiligo exhibit depigmented patches in only one segment of the body such as the
arm, leg, neck, etc. On the other hand, non-segmental vitiligo results in non-symmetrical
depigmented patches distributed throughout the individual’s body. Vitiligo greatly affects
patients’ quality of life and self-esteem. It also predisposes them to a higher risk of sunburn
and skin cancer. The etiology of vitiligo is considered a multifactorial disorder that has
been implicated in melanocyte dysfunction due to a combination of genetic susceptibility,
generation of inflammation, and autoimmune responses [3]. Among these, oxidative stress
is considered to play a crucial role in activating consequent autoimmune responses related
to vitiligo.
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Figure 1. Reactive oxygen species (ROS) play crucial roles in the initiation of vitiligo. (A) Vitiligo is 
a depigmentation skin disorder caused by dysfunctional melanocytes that are attacked by immune 
cells. (B) Melanogenesis generates intracellular ROS. The production of melanin is activated by ex-
posure to sunlight, which leads to the production of the ligand for activation of the transcription of 
microphthalmia-associated transcription factor (MITF) in melanocytes. MITF activates a series of 
pigment-specific enzyme genes including TYR (tyrosinase), DCT (dopachrome tautomerase), and 
TYRP1 (tyrosinase-related protein 1). The process of melanogenesis is shown in the right penal, in 
which a pro-oxidant state is generated during melanogenesis. α-MSH: alpha-melanocyte-stimulat-
ing hormone; PMEL: pre-melanosome protein; L-DOPA: 3,4-dihydroxy L-phenylalanine. 

Reactive oxygen species (ROS) include O2−, -OH, and H2O2, which are the main spe-
cies for evaluating oxidative stress levels. ROS can be produced by cellular metabolic pro-
cesses or by exogenous exposure. In addition to mitochondrial metabolism, melanin syn-
thesis is one of the major intracellular stressors that produce ROS. Among cellular pro-
cesses, melanin synthesis behaves as a double-edged sword; it acts as a photoprotector 
that prevents ultraviolet (UV)-induced DNA damage, but on the other hand, it functions 
as a photosensitizer that generates high levels of intracellular ROS. In normal physiologi-
cal conditions, small amounts of ROS are converted into nontoxic substances by the anti-
oxidant system. Overproduction of ROS can occur in pathological situations such as in-
flammation, or in subjects with a genetic predisposition, which can cause cell and tissue 
damage [4–6]. Antioxidant defenses can be overwhelmed during sustained inflammation 
such as in chronic disease, neurodegenerative disorders, and aging [5]. Various inflam-
mation-inducing stimuli including TNF-α (tumor necrosis factor-α), lipopolysaccharide 
(LPS), and thrombin, influence ROS production through nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase (NOX) and the mitochondria [7]. Higher levels of intra-
cellular ROS sequentially induce susceptibility to skin disorders [8]. The detection of oxi-
dative stress in patients can provide valuable insights into their disease status and help 

Figure 1. Reactive oxygen species (ROS) play crucial roles in the initiation of vitiligo. (A) Vitiligo is a
depigmentation skin disorder caused by dysfunctional melanocytes that are attacked by immune
cells. (B) Melanogenesis generates intracellular ROS. The production of melanin is activated by
exposure to sunlight, which leads to the production of the ligand for activation of the transcription of
microphthalmia-associated transcription factor (MITF) in melanocytes. MITF activates a series of
pigment-specific enzyme genes including TYR (tyrosinase), DCT (dopachrome tautomerase), and
TYRP1 (tyrosinase-related protein 1). The process of melanogenesis is shown in the right penal, in
which a pro-oxidant state is generated during melanogenesis. α-MSH: alpha-melanocyte-stimulating
hormone; PMEL: pre-melanosome protein; L-DOPA: 3,4-dihydroxy L-phenylalanine.

Reactive oxygen species (ROS) include O2
−, -OH, and H2O2, which are the main

species for evaluating oxidative stress levels. ROS can be produced by cellular metabolic
processes or by exogenous exposure. In addition to mitochondrial metabolism, melanin
synthesis is one of the major intracellular stressors that produce ROS. Among cellular
processes, melanin synthesis behaves as a double-edged sword; it acts as a photoprotector
that prevents ultraviolet (UV)-induced DNA damage, but on the other hand, it functions
as a photosensitizer that generates high levels of intracellular ROS. In normal physio-
logical conditions, small amounts of ROS are converted into nontoxic substances by the
antioxidant system. Overproduction of ROS can occur in pathological situations such
as inflammation, or in subjects with a genetic predisposition, which can cause cell and
tissue damage [4–6]. Antioxidant defenses can be overwhelmed during sustained inflam-
mation such as in chronic disease, neurodegenerative disorders, and aging [5]. Various
inflammation-inducing stimuli including TNF-α (tumor necrosis factor-α), lipopolysac-
charide (LPS), and thrombin, influence ROS production through nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) and the mitochondria [7]. Higher levels
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of intracellular ROS sequentially induce susceptibility to skin disorders [8]. The detection
of oxidative stress in patients can provide valuable insights into their disease status and
help guide patient management strategies. Oxidative stress can be measured indirectly
by measuring the levels of DNA/RNA damage, lipid peroxidation, and protein oxidation
from patients’ plasma or serum through fluorescent probes and chemiluminescence as-
says [9]. Oxidative stress can also be measured by enzymatic antioxidant activities such as
superoxide dismutase (SOD), catalase (CAT), gluetathione S-transferases, and glutathione
peroxidase [9]. Current studies have shown high levels of antioxidant activities in active
vitiligo cases as compared to stable vitiligo and healthy controls by measuring the levels of
the antioxidant enzymes SOD and CAT [9,10]. One study provided evidence that the serum
oxidative stress indicator, total antioxidant capacity (TAC), malondialdehyde (MDA), and
8-hydroxy-2′-deoxyguanosine (8-OHdG), can indicate the activity and severity in patients
with non-segmental vitiligo [11]. Such measurements of oxidative stress in patients’ skin
patch areas and blood provide a precise diagnosis and further treatment for patient man-
agement. This report summarizes events at the cellular level under excessive ROS in skin
from vitiligo.

Oxidative stress is believed to be one of the most crucial initiators of vitiligo. Although
the key factors of ROS generation in vitiligo are still not completely understood, several
candidates may be considered. An accumulation of hydrogen peroxide causes changes in
the antioxidant machinery such as a decrease in catalase levels and increases in superoxide
dismutase and other antioxidant enzyme levels [12]. Glutathione (GSH) acts as the first
line of defense to eliminate ROS. When GSH is depleted, glutathione reductase 4 (GPX4)
is inactivated, resulting in an oxidation-antioxidant imbalance [13]. In the skin lesions
of vitiligo, the expression of GPX, catalase (CAT), and methionine sulfoxide reductase
(MSR) A and B, as well as other antioxidant enzymes, is downregulated [14]. Overall, these
imbalances in the antioxidant system have been demonstrated in vitiligo.

At the cellular level, defective mitochondrial structure and function, such as loss
of transmembrane potential, deregulation of cardiolipin and electron transport chain
proteins, increased cholesterol in the inner membrane of mitochondria, and increased mass,
have been observed in vitiligo [15,16]. Superoxide dismutase 2 (SOD2), a mitochondrial
form of SODs that converts O2

− radicals into H2O2, has shown increasing activity in
vitiligo patients, indicating its role as a genetic risk factor for susceptibility and progression
of vitiligo [17]. It is also associated with an unfolded protein response (UPR) in the
endoplasmic reticulum (ER) and adhesion defects in the epidermis. Such responses lead
to functional impairment and the death of melanocytes, which sequentially initiates an
autoimmune response and increases melanocyte cytotoxicity [13].

It is accepted that accumulated ROS in melanocytes consequently provide autoantigens
and activate innate and adaptive immune responses in vitiligo [18,19]. The mechanistic rela-
tionship between oxidative stress and adaptive immunity was unrevealed until the concept
that innate immunity mediating the presence of autoantigens to trigger autoimmunity was
raised [3,20]. The presence of autoantigens from stressed melanocytes activates dendritic
cells (DCs) and macrophages, which is mediated through the activation of cytotoxic T lym-
phocytes (CTLs). Herein, we provide new perspectives on advances in the understanding
of the pathogenesis of vitiligo, and we attempt to find more interrelationships between
oxidative stress and autoimmunity.

2. ROS and Melanogenesis

The sources of ROS overproduction can come from both extrinsic and intrinsic fac-
tors. From an external perspective, oxidative stress can be stimulated by exposure to the
environment such as UVA and UVB, cytotoxic chemicals (e.g., monobenzone and phenols),
and medical applications (e.g., certain drugs and hormones). Oxidative stress can also
be attributed to internal stressors. A series of cellular metabolic processes, such as mito-
chondrial metabolism, cellular proliferation, cellular apoptosis, cellular differentiation, and
immune reactions can create oxidative byproducts [21,22].
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Melanosomes are organelles within melanocytes that synthesize and store melanin, a
pigment that protects the skin from UV radiation. Melanin molecules absorb UV radiation
and prevent damage to the skin. However, high levels of intracellular ROS are produced
as a side product during the process of melanogenesis. This makes melanocytes relatively
vulnerable to oxidative stress [23].

In mammals, the melanogenesis pathway is divided into two processes with different
catalyzed enzymes for the final types of melanin: eumelanin or pheomelanin (Figure 1B,
right panel). Both are initiated by hydroxylation of phenylalanine into L-tyrosine. L-Tyrosine
is then hydroxylated and further oxidized to dihydroxyphenylalanine DOPA quinone (DQ).
Hydroxylation of L-tyrosine is the rate-limiting step in melanin synthesis and is catalyzed
by tyrosinase. After the formation of DQ, the pathway diverges into two pathways leading
to the synthesis of reddish-yellow pheomelanin that requires the presence of cysteine, or
brownish-black eumelanin due to adding an amino group to DQ with tyrosinase-related
proteins 1 (TYRP1) and 2 (TYRP2) or dopachrome tautomerase (DCT). In the melanogenesis
process, the activation of redox exchange is required, and oxidative byproducts are pro-
duced. This cause melanocytes to be victims of oxidative stress because of the pro-oxidant
state generated during melanogenesis. A schematic representation of the melanin synthesis
pathway is presented in Figure 1B.

There are several factors that regulate melanogenesis including signaling pathways,
micro (mi)RNAs [24], and inflammatory factors [25]. As a master regulator of melano-
genesis, the microphthalmia-associated transcription factor (MITF) plays a critical role
in the translation of several pigment-specific enzyme genes including tyrosinase, TYRP1,
and DCT (Figure 1B). It was reported that the activated form of phosphorylated MITF is
regulated by several kinases such as mitogen-activated protein kinase (MAPK), cAMP-
dependent protein kinase (PKA), and glycogen synthase kinase (GSK)-3β, in response to
specific environmental stimulants [26]. Understanding the regulatory mechanisms during
melanogenesis would improve our ability to treat melanocyte death in vitiligo caused by
oxidative stress.

3. Antioxidative Defense and Cellular Responses to ROS Accumulation
3.1. The Antioxidant, Nuclear Erythroid 2-Related Factor 2 (Nrf2), Pathway

Under oxidative stress, the Nrf2 signaling pathway reacts first to function as an antiox-
idant. Nrf2 is a transcription factor that can be activated by increased ROS activation, and
it translocates to nuclei to regulate the expression of groups of detoxifying and antioxidant
defense genes [27]. The activity of Nrf2 is tightly regulated by its repressor, Kelch-like
ECH-associated protein 1 (Keap1), an adaptor subunit of Cullin 3-based E3 ubiquitin ligase.
Normally, the Keap1-Nrf2 complex in the cytoplasm is in an inhibitory state. The Keap1-
Nrf2 complex breaks down when a cell experiences oxidative stress, and then the released
Nrf2 is transported to the nucleus and binds to antioxidant-response elements (AREs) of
gene promoters to transcribe a series of antioxidants and detoxifying enzymes [27]. Hence,
the Keap1/Nrf2/ARE pathway functions as a crucial mediator for cells to resist oxidative
stress and engage in therapeutic targeting, as reported in a recent study [28].

Nrf2 also plays a role in melanogenesis in normal human melanocytes, in which it
negatively regulates melanogenesis by decreasing the expression of tyrosinase and TRP1
through modulating the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway [29].
In the clinic, it was reported that higher Nrf2-dependent transcriptional activity is required
to sustain the redox balance in vitiligo patients [30]. Based on genetic studies, Nrf2 gene
polymorphisms were associated with susceptibility to vitiligo in Han Chinese popula-
tions [31]. Nrf2 and its downstream detoxification genes were found to be upregulated in
epidermal skin lesions of subjects with vitiligo [32], and catalase protein expression and
activity are low in the epidermis of patients with vitiligo compared to healthy controls [33].

The Nrf2/ARE pathway can also inhibit the progression of inflammation by regulating
anti-inflammatory gene expression [34]. In addition, dynamic changes in intracellular ROS
levels can regulate stem cell self-renewal and proliferation through Nrf2-dependent Notch
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signaling from human airway basal stem cells [35]. Further research should be confirmed
in clinical studies.

In summary, as one of the effectors for ROS, Nrf2 modulates stem cell homeostasis,
negatively regulates melanogenesis, and inhibits the progression of inflammation. Many an-
tioxidant drugs targeting the Nrf2/ARE pathway were identified and clinically applied [36].
Some of these drugs, such as ginsenoside Rk1, are reported to protect melanocytes from
oxidative stress induced by H2O2 [37], providing a potential treatment for vitiligo patients
by targeted antioxidant therapy. We review antioxidant therapy below.

3.2. Cell Adhesion Defects

Increased oxidative stress and adhesion defects in the epidermis are closely related.
Accumulated ROS can cause protein oxidation and also lipid peroxidation, thus impairing
cellular functions. Detachment of melanocytes due to oxidative stress was detected at
the borders of vitiliginous lesions [38]. Interestingly, oxidative stress is more abundant in
non-segmental vitiligo (NSV) than in segmental vitiligo (SV), as detected by lipid peroxi-
dation using anti-4-HNE antibody [15,39]. In addition, epidermal structures are different,
with NSV epidermis presenting acanthosis and SV showing an increase in rete ridges
compared to healthy controls [40]. These observations suggest that the microenvironments
of melanocytes in the skin of NSV and SV patients differ, even before depigmentation.
These differences could impact the development and severity of the disease, which tends
to be more extensive and unpredictable in NSV patients, but limited and rapid in SV
patients [39]. Among adhesion-related proteins, E-cadherin is viewed as the major medi-
ator of melanocyte-keratinocyte adhesion in human skin. The membranous distribution
of E-cadherin is altered in both melanocytes and keratinocytes of vitiligo patients. Low
E-cadherin levels are observed in melanocytes but not in keratinocytes of normal pig-
mented skin and in keratinocytes of depigmented skin of vitiligo patients [38,41,42]. These
observations are coherent with the decline of E-cadherin in melanocytes as an early event
in vitiligo pathogenesis. A decrease in E-cadherin may also induce activation of the Nrf2
antioxidant [32], the activation of which is also related in vitiligo patients. Matrix metallo-
proteinase (MMP)-9, an enzyme engaged in remodeling of the extracellular matrix (ECM),
plays a vital role in response to interferon (IFN)-γ and tumor necrosis factor (TNF)-α,
cytokines that are characteristic of vitiligo [43]. IFN-γ and TNF-α induce melanocyte de-
tachment through disruption of E-cadherin and release of the soluble form of MMP-9 [44].
Dickkopf-related protein 1 (DKK1), an inhibitor of WNT signaling that regulates cell adhe-
sion and migration, is overexpressed in the dermis of patients with vitiligo [45]. Fibronectin,
a key protein in intercellular communication by binding to integrins, is highly expressed
in lesional skin of vitiligo patients [46]. ICAM-1, a glycoprotein which enhances T-cell
melanocyte attachment probably induced by TNF-α and IFN-γ [47], showed higher expres-
sion in vitiligo patients [48,49], which could represent links between cytokines and T-cell
involvement in the pathogenesis of vitiligo. In summary, adhesion defects and detachment
of melanocytes caused by extra ROS precede clinical manifestations of vitiligo.

3.3. Cell Death

In response to extra ROS accumulation, melanocytes undergo cell death in various
ways including apoptosis, necrosis, autophagy, and ferroptosis [50].

(1) Apoptosis, the best characterized form of programmed cell death, is mediated by
the ratio between antiapoptotic (Bcl-2) and proapoptotic (Bax) proteins, and an interaction
of Fas and the Fas ligand. It was reported that there are a low Bcl-2/Bax ratio and elevated
Fas levels in vitiliginous melanocytes [51,52], suggesting that vitiligo might be related to
dysregulation of molecules regulating apoptosis. Cytotoxic T lymphocytes can induce
cytotoxicity in melanocytes directly by releasing mediators such as TNF-α and IFN-γ. When
IFN-γ binds to its receptor, the Janus kinase (JAK)/signal transducers and activators of
transcription (STAT) pathway is activated and stimulates the transcription of the chemokine
ligands CXCL9 and CXCL10 [53]. This creates a positive feedback loop for T-cell recruitment
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and function [53]. The levels of IFN-γ were reported to be elevated in lesional skin of
patients with vitiligo [54], which induced an increase of CXCL10 in vitiligo melanocytes [55].
Treatment with H2O2 was found to upregulate several members of TNF-α receptor genes
in melanocytes [56]. Taken together, these findings suggest the involvement of the TNF-
α/TNFR pathway and IFN-γ pathway in melanocyte apoptosis of vitiligo. Current studies
have found that tyrosinase-related protein (TYRP-1) and cleavage nuclear membrane
antigen Lamin A/C (Asp230) can translocate into the apoptotic bodies of melanocytes [57].
The formation of melanocyte apoptotic bodies in vitiligo is mediated by the cytoskeletal
protein activation pathway and the JNK-related apoptosis pathway [57]. This study links
melanocyte apoptosis and cellular immunity in vitiligo pathogenesis.

(2) Different from apoptosis, necrosis is a type of cell death that causes cytoplasmic
swelling and cell membrane rupture. In non-lesional vitiliginous skin, small numbers of
necrotic cells have been observed [58]. The percentage of necrotic cells from melanocytes
increases when the concentration of H2O2 increases [59], supporting the notion that necrosis
possibly induces autoimmunity in vitiligo.

(3) Autophagy is the degradation of the cytoplasmic organelles or cytosolic compo-
nents within lysosomes. Autophagy can be activated in response to not only extracellular
signals such as starvation and pathogen infection, but also integration with cellular stress
responses including oxidative stress, ER stress, and UPR accumulation [60]. The altered
responses of vitiligo melanocytes to stressors have been linked to a reduced autophagic
flux due to dysfunctions of the Nrf2/p62 pathway and its downstream antioxidant and
detoxifying enzymes [61], suggesting that autophagy may play a role in the pathogenesis of
vitiligo. Interestingly, perilesional skin in patients showed increased autophagy in compari-
son to surrounding active lesions, as assessed by increased expression of autophagy-related
proteins (autophagy-related gene5 (Atg5) and light chain 3 (LC3)), concurrently with the
down-modulation of sequestosome 1 (SQSTM1/p62) [62]. These phenomena raise the
hypothesis of a protective role for autophagy in vitiligo [63]. Further studies have showed
that autophagy inhibition exacerbates adverse metabolic effects in non-lesional vitiligo
cells [64], suggesting that autophagy may be an adaptive response to continuous metabolic
alterations for a protective attempt to antagonize degenerative processes and to enhance
survival in normal vitiligo skin. The exact role of this process in the disease remains unclear.

(4) Ferroptosis is an iron-dependent oxidative cell death that is morphologically
characterized by increased levels of lipid peroxidation with reductions in mitochondrial
cristae [65]. The core regulator in ferroptosis is glutathione peroxidase 4 (GPX4), a selenium-
dependent enzyme that catalyzes lipid peroxide reduction [65]. Hundreds of genes in-
volved in the process of ferroptosis are transcriptionally regulated by the Nrf2 antioxidant,
including GPX4 [65]. Several studies showed that GPX is decreased in both the serum
and tissues of vitiligo patients [66], raising the possibility of ferroptosis being triggered in
vitiliginous melanocytes.

Although there are various modes of cell death, we believe that different forms of
cell death may share similarities and be closely connected, contributing to the outcome
through their integrated effects. Recent investigations have shown that oxidative stress
has a significant impact on the interplay of various cell death modes [13]. However, the
interplay of these modes is complex, and further research is needed.

4. Oxidative Stress and Immunity
4.1. Innate Immunity

ROS can modulate a variety of immune and inflammatory molecules. After sensing
oxidative stress signals, innate immunity is quickly activated in response to those signals.
Innate immunity then translates stress signals into proinflammatory signals, which provide
a rapid response for better protection. Toll-like receptors and nucleotide oligomerization
domain (NOD)-like receptors are related to proinflammatory signals. Autoantigens are
produced from the body’s own cells, rather than being sourced from pathogen-associated
molecules. They produce proinflammatory signals to induce an immune response (Table 1).
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Possible causes of autoantigen presentation originate from the following events: an un-
folded protein response (UPR), 70-kDa heat shock protein (Hsp70) secretion, the exosome
senescence-associated secretory phenotype (SASP), and cell death (Figure 2).
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Figure 2. Oxidative stress activates adaptive immunity through autoantigen presentation to innate
immunity. Stressed melanocytes produce autoantigens in the manner of cytokines, extracellular exo-
somes, and cell death debris. Autoantigens can be highly immunogenic, which activates cytotoxic T
cells, regulatory T (Treg) cells, and T helper cells. UPR, unfolded protein response; IL-6, interleukin-6;
IL-8, interleukin-8; CXCL, C-X-C chemokine ligand; Hsp70, 70-kDa heat shock protein; SASP,
senescence-associated secretory phenotype; Th17: T helper 17.

4.1.1. Unfolded Protein Response (UPR)

When oxidative stress disrupts the redox potential, unfolded proteins form and accu-
mulate. The UPR is a cellular restoration of homeostasis in response to damaged proteins
and inappropriate protein folding from perturbed ER function. The UPR is an initial pro-
survival signal cascade, in which translation is attenuated and the cell cycle is arrested to
prevent further translational loading of the ER [67].

The activation of the UPR involves three principal ER transmembrane receptors: eu-
karyotic initiation factor 2α (eIF2α) kinase (PERK), activating transcription factor 6 (ATF6),
and inositol requiring 1 (IRE1α) [68,69]. PERK is a type I transmembrane protein which
phosphorylates eukaryotic translation initiation factor 2α (eIF2α) at serine 51 to inhibit
protein synthesis [70]. ATF6 is a protein that activates gene transcription when unfolded
proteins accumulate, and it is cleaved after being transported to the Golgi complex. The
cleaved section of ATF6 was translocated to the nucleus, where it activates gene tran-
scription of target genes [71]. IRE1α is a type I transmembrane protein with a protein
serine/threonine kinase and endoribonuclease domain. It is activated when the ER chaper-
one BiP is released due to an accumulation of unfolded proteins. Once IRE1α is activated,
it initiates splicing of the mRNA encoding XBP-1 in mammals, which activates the produc-
tion of pro-inflammatory cytokines in macrophages [72]. IRE1α/XBP1s also regulates the
homeostasis and survival of CD8α+ conventional dendritic cells [73]. Hence, UPR plays a
vital role in inflammation and immune regulation [69].
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The UPR is considered one of the crucial initiators in the pathogenesis of vitiligo. In
addition to its function in antioxidant defense, UPR activation can promote the release
of UPR-regulated chemokines that trigger an immune response against melanocytes [30]
(Figure 2). Activation of the UPR increases the expression of the cytokines interleukin
(IL)-6 and IL-8 by stressed melanocytes [74] and the release of C-X-C chemokine ligand
(CXCL) [27,28,34], which mediate T-cell homing to the skin in vitiligo [75], and the produc-
tion of CXCL16 from stressed keratinocytes that recruits cluster of differentiation 8-positive
(CD8+) T cells [76]. Thus, dysfunctional activation of the UPR in melanocytes may cause
more immunogenesis, which induces an attack on melanocytes in vitiligo.

4.1.2. Hsp70

Another cytoprotector involved in progressive depigmentation is Hsp70. In response
to stresses, Hsp70 acts as a chaperone which binds melanocyte-specific melanosomal pro-
teins that facilitate protein folding and transportation, as well as major histocompatibility
complex (MHC) I/II loading [77]. The presence of Hsp70-chaperoned proteins boosts DC
activation [78] and promotes antigen-specific CTL-related immune responses [79]. Hsp70
directly activates DCs, as indicated by upregulation of the maturation markers CD40, CD83,
and CD86. Hsp70 is believed to bind multiple receptor molecules on DC membranes includ-
ing Toll-like receptor 4 (TLR4), TLR2, CD14, CD91, and CD40. Activation of DCs induced
by Hsp70 and its receptor CD91 elevates expression of the TNF-related apoptosis-inducing
ligand, which finally leads to skin homing of T cell migration [78,80,81]. Through activation
of DCs, Hsp70 downregulates macrophage activity that causes inhibition of regulatory T
cells (Tregs) and supports T helper 17 (Th17)-mediated autoimmunity [78,82].

Overexpression of Hsp70 was observed in progressive depigmentation in experimental
animal models [83–86]. Interferon (IFN) signaling is an important factor in the pathogenesis
of vitiligo [87]. It was reported that Hsp70 can positively enhance the IFN signaling loop in
the following manners. First, enhanced IFN-γ signaling from perilesional CTLs leads to
upregulation of Hsp70, causing a positive feedback loop of Hsp70/CTL/IFNγ/Hsp70 [88].
Second, activation of DCs by Hsp70i facilitates IFN-α generation [89]. IFN-α induces
the expression of CXCL9 and CXCL10 by keratinocytes and subsequently recruits C-X-C
chemokine receptor 3-positive (CXCR3+)CD8+ T cells, forming an inflammatory cascade.
These loops amplify the process and exacerbate the pathogenesis of vitiligo. The effects of
Hsp70 open a potential alternative treatment for vitiligo patients [84].

4.1.3. Exosome Senescence-Associated Secretory Phenotype (SASP)

Stressed cells are often characterized by their ability to develop exosome components
of a SASP, a proinflammatory complex that consists of a mixture of ECM proteases, growth
factors, chemokines, and cytokines. Such exosome components create an inflammatory
microenvironment that causes inflammation and recruits immune cells to clear stressed
melanocyte cells. T cells require antigen-presenting MHC-I and MHC-II to activate the
immune system. Exosomes released from stressed cells can directly present intracellular
self-antigens to T cells or promote T-cell activation in the presence of naïve DCs [90]. In
summary, immunocompetent exosomes exert a critical function in innate and adaptive
immune processes.

4.1.4. Cell Death Debris

Debris from cells that have died can be highly immunogenic and can act as autoanti-
gens to induce downstream T-cell responses [91]. The uncontrolled release of autoantigens
via swelling of cytoplasmic organelles in necrotic cells leads to activation of immune
responses and inflammation. Activation of apoptosis triggered by the Fas/Fas ligand
interaction can be mediated by molecules which are involved in the pathology of vitiligo
including CD8+ T cells, the TNF-α/TNR receptor (TNFR) pathway, the IFN-γ signaling
pathway, and the CXCL10/CXCR3B pathway [52,55,92]. Therefore, the effective removal
of cell death debris is necessary to prevent autoimmune reactions.
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Table 1. Oxidative stress-induced autoantigen and autoimmunity.

Stress Signal Autoantigen Innate Immunity Adaptive Immunity References

UPR

accumulation of unfolded or
misfolded proteins that
stimulate IL-6,IL-8, IL-11,
tumor necrosis factor

macrophage stimulates T
lymphocytes [73]

UPR (PERK-eIF2a and
IRE1a-XBP1)

accumulation of unfolded or
misfolded proteins that
stimulate CXCL9,10,16

—
activate T cells,
induced CXCR6+CD8+

T cells trafficking
[75]

activation of chaperone
Hsp70

dendritic cells,
monocytes,
macrophages

inhibit Treg cells,
activate Th17 cells [81]

Hsp70 langerhans cells migration of skin
hommg T cells [85]

Exosome
Senescence-Associated
Secretory Phenotype (SASP)

ECM proteases, growth
factors, chemokines, and
cytokines

macrophage, dendritic
cells

antigen-presenting
MHC-I and MHC-II to
activate T cells

[89]

cell death cell death debris dendritic cells activate CD8+ and
CD4+T cells [90]

4.2. Adaptive Immunity

The concept that innate immunity can mediate the presentation of autoantigens to
trigger autoimmunity bridges the gap between oxidative stress and adaptive immunity [3].
Melanocyte-specific CD8+ T cells were found to mediate the destruction of melanocytes
in vitiligo [93]. Antigenic proteins from stressed melanocytes are carried by DCs and
are specifically recognized by infiltrating T cells. In the leading edge of vitiligo depig-
mentation, patchy infiltration of T cells occurs. The serum frequency of cytosolic CD8+ T
cells is higher in patients with vitiligo compared to healthy controls, and the frequency
is related to disease severity. CD8+ T cells produce several cytokines such as TNF-α and
IFN-γ that are primarily involved in melanocyte destruction. After binding of the IFN-γ
proinflammatory cytokine to its receptor, the Janus kinase (JAK)/signal transducers and
activators of transcription (STAT) pathway is activated and stimulates the transcription of
the chemokine ligands CXCL9 and CXCL10 [53]. In the clinic, serum CXCL10 is representa-
tive of a specific biomarker that can monitor vitiligo activity and severity [94]. CXCL9/10
drives the recruitment of melanocyte-specific CD8+ T cell migration by interacting with
CXCR3. In summary, the effect of the IFN-γ–CXCL9/CXCL10–CXCR3 axis on the killing
of melanocytes by CD8+ T cells is significant.

Treg cells are a subpopulation of T cells with tolerance to self-antigens, and the balance
of Treg cells is associated with disruption of autoimmune tolerance in vitiligo [95]. Based
on current studies from single-cell RNA sequencing of human vitiligo, researchers revealed
that CCL5-CCR5 cytokine signaling serves as a chemokine circuit between Treg cells and
effector CD8+ T cells [96]. The transcription factor Forkhead box p3 (FoxP3) is known to be
expressed by Treg cells and is associated with suppression of T-cell functions through down-
regulation of T-cell activation and cytokine genes while upregulating immunosuppressive
cell-surface molecules such as CTLA-4 and CD25+ [97]. The concentration of FoxP3 is
significantly reduced in lesional skin in vitiligo [98]. In conclusion, excess ROS can increase
attacks on melanocytes through both innate and adaptive immunity.

5. Therapeutic Approaches to Ameliorate Oxidative Stress in Vitiligo Patients

Vitiligo is a chronic depigmenting skin disorder without effective treatments. Current
vitiligo treatments use topical steroids or calcineurin inhibitors, often combined with pho-
totherapy for better results. However, around 40% of patients experience a relapse within
a year after stopping treatment [99]. Recently, new cell-based and cell-free regenerative
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approaches have been proposed as alternative treatments for vitiligo [53,100,101] These
innovative regenerative approaches may help regenerate melanocytes and balance T-cell
subsets, and are currently being tested.

In a randomized trial, objective vitiligo repigmentation obtained with topical cata-
lase/dismutase superoxide (C/DSO) treatment is similar to topical 0.05% betametha-
sone [102], highlighting the need for better antioxidant medications. Our primary task is to
find effective therapies to ameliorate oxidative stress to prevent destruction of melanocytes
in vitiligo patients. Aside from phototherapy and steroid treatment, alternative treat-
ments that target antioxidant activity in vitro and/or in vivo are emerging [103]. We
summarize potential therapeutic approaches to reduce oxidative stress in vitiligo in Table 2.
Polyphenols are beneficial plant compounds with antioxidant properties. Gingko biloba
extract (EGB 761) was studied as a free radical scavenger to boost survival of skin flaps
in rats [104]. Clinical trials (ClinicalTrials.gov Identifier: NCT00907062) and research
have shown that patients with stable vitiligo can achieve repigmentation after taking
EGB761 [105]. Other polyphenol compounds including apigenin, baicalin, and quercetin,
were documented to activate the Nrf2 pathway [106–110]. Several organic substances (sim-
vastatin, aspirin, vitamin D, and minocycline), as well as herbal medicines (glycyrrhizin,
afzelin, 6-shogaol, geniposide, 8-Methoxypsoralen, and cinnamaldehyde), were docu-
mented to protect human melanocytes against oxidative stress through activation of the
Nrf2/ARE pathway [111–123]. Of note, adipose tissue secretomes have the ability to
counteract oxidative stress by physiologically stimulating intracellular antioxidant en-
zymes [124]. In addition to immunomodulation [53], mesenchymal stem cells (MSCs)
from the dermis can regulate melanocyte proliferation and apoptosis by targeting the
PTEN/PI3K/Akt pathway [101,125]. Inorganic vitiligo therapies such as molecular hy-
drogen, palladium, and platinum nanoparticles, provide protection of melanocytes from
oxidative stress by activating Nrf2/ARE signaling [126,127].

Table 2. Potential therapeutic approaches targeting antioxidant activity.

Class Antioxidants Target Mechanisms NCT No. of
Clinical Trials Status References

polyphenols

ginkgo biloba extract
(EGB761) Nrf2 pathway

activate the Nrf2 pathway,
promotes the expression of
the antioxidant genes heme
oxygenase (HO)-1 and SOD

NCT01006421
NCT00907062
(Phase I)

repigmentation
more than 50%
from baseline as
the primary
outcome (time
frame: 3, 6 and
9 months)

[104,105]

apigenin Nrf2 pathway activate the Nrf2 pathway — — [106]

baicalin Nrf2 pathway activate the Nrf2 pathway — — [107,108]

quercetin PI3K/Akt and
p38 pathway

anti-inflammatory and
antioxidative capacity,
protect human melanocyte
from H2O2-induced
apoptosis

— — [109]

chalcones PI3K/Akt and
GSK3β pathway

activate PI3K/Akt and
GSK3β pathways, promote
the formation of epidermal
melanin, induce the
recoloration of vitiligo

— — [110]
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Table 2. Cont.

Class Antioxidants Target Mechanisms NCT No. of
Clinical Trials Status References

organics

glycyrrhizin Nrf2 pathway

activates Nrf2 and induces
the expression of heme
oxygenase (HO)-1 in
macrophages

— — [111]

afzelin Nrf2 pathway

activates Nrf2 and induces
the expression of heme
oxygenase (HO)-1 and
catalase

— — [112]

6-shogaol Nrf2 pathway

upregulating the mRNA
expression of the
antioxidant enzyme HO-1,
and protein expression of
Nrf2, NAD(P)H: quinine
oxidoreductase 1 (Nqo1)

— — [113]

simvastatin Nrf2 pathway activates the Nrf2 pathway
NCT01517893
(Phase II)
NCT03247400
(Phase II)

[NCT01517893]
participants with
33% decrease in
the Vitiligo Area
Scoring Index
(VASI)
[NCT03247400]
reduction in
lesional skin area

[114]

aspirin Nrf2 pathway

induce Nrf2 nuclear
translocation, induce HO-1
expression in human
melanocytes, reduction in
the acute serum
immunologic markers of T
cell activation in
non-segmental vitiligo

— — [119]

geniposide PI3K/Akt
pathway

PI3K inhibitor LY294002
inhibit cell viability,
apoptosis, and antioxidant
enzyme activity

— — [116,117]

8-Methoxypsoralen Akt pathway

reduce
AKTphosphorylation,
scavenge oxygen free
radicals

— — [118]

vitamin D Wnt/β-catenin
pathway activate the Wnt-β catenin NCT05364567

NCT04872257 — [120,121]

cinnamaldehyde AhR pathway
inhibit abnormal activation
of the AhR pathway, reduce
the production of ROS

— — [122]

minocycline JNK, and p38
MAPK pathway

inhibit the activation of JNK,
p38 MAPK, and caspase 3
induced by H2O2, prevent
the loss of melanoctres

— — [123]

cell-based
and cell-free

adipose tissue
secretome

Wnt/β-catenin
pathway

promotes glycogen synthase
kinase 3β inactivation and
consequently
Wnt/β-catenin pathway
activation

— — [124]

mesenchymal stem
cells (MSCs)

PTEN/PI3K/Akt
pathway

regulate melanocyte
proliferation,
immunomodulation

NCT03013049
(Dermal-MSCs)

>90%
repigmentation
from stable
vitiligo patients

[101,125]

inorganics

hydrogen Nrf2 pathway

Wnt/β-catenin–mediated
activation of Nrf2 signaling,
reduced intracellular ROS
accumulation,

— — [126]

palladium and
platinum
nanoparticle

Nrf2 pathway activates aryl hydrocarbon
receptor and Nrf2 — — [127]
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The antioxidants mentioned above are still far from being therapeutically adopted
because of small numbers of participants, poor operability, and heterogeneity in patients.
With emerging innovative strategies for drug delivery that allow antioxidants to permeate
into deeper skin layers [128], it is worth implementing standardized compatibilities of
antioxidants in large clinical trials in the future.

6. Conclusions and Perspectives

ROS play crucial roles in the initiation of vitiligo. Accumulating ROS cause melanocyte
destruction and dysfunction from several aspects, including ER stress, mitochondrial
dysfunction, lipid peroxidation, and adhesion defects. Antioxidants such as the Nrf2/ARE
pathway and the Hsp70 chaperone form the first defense in preventing stressed melanocytes
from undergoing cell death. Otherwise, the death of cells, either from necroptosis or
ferroptosis, can be highly immunogenic for generating an inflammatory microenvironment.
Innate immunity triggered by the presence of autoantigens from stressed melanocytes links
the immune mechanism from oxidative stress to adaptive immunity. In the case of vitiligo,
for example, the activation and maturation of DCs through Hsp70 presents autoantigens,
and these activate CD8+ T cells to destroy melanocytes. Growing attention to Treg cells
failed to suppress autoreactive immunity, while CD8+ CTLs kill melanocytes with the
support of Th17 cells.

Although anti-ROS treatments have shown potential as therapy for vitiligo, their use
is currently restricted by concerns surrounding specificity, efficacy, safety, and lack of long-
term data. Inferring from events during the pathology of vitiligo, emerging therapeutic
options originate from activation of the Nrf2/ARE pathway, Hsp70 mutations, inhibition
of adaptive immunity-related autoantigens, replenishing of Treg abundances, and blocking
of T helper cells. In addition, ferroptosis is currently reported to be involved in epidermal
melanocyte destruction in vitiligo [103], even though its mechanism remains unclear.
Further studies focused on these issues may provide references for new drug development
and treatment options for vitiligo.

Author Contributions: W.-L.C. conceived the idea, wrote the manuscript, and created the figures
and tables; C.-H.K. wrote the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by Taipei Medical University (grant no.: TMU110-AE1-B23).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Yen-Hua Huang for consultation. The graphic illustrations were
created with BioRender.com (accessed data 13 March 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bergqvist, C.; Ezzedine, K. Vitiligo: A Review. Dermatology 2020, 236, 571–592. [CrossRef] [PubMed]
2. Gandhi, K.; Ezzedine, K.; Anastassopoulos, K.P.; Patel, R.; Sikirica, V.; Daniel, S.R.; Napatalung, L.; Yamaguchi, Y.; Baik, R.;

Pandya, A.G. Prevalence of Vitiligo Among Adults in the United States. JAMA Dermatol. 2022, 158, 43–50. [CrossRef] [PubMed]
3. Wang, Y.; Li, S.; Li, C. Perspectives of New Advances in the Pathogenesis of Vitiligo: From Oxidative Stress to Autoimmunity.

Med. Sci. Monit. 2019, 25, 1017–1023. [CrossRef] [PubMed]
4. Yang, S.; Lian, G. ROS and diseases: Role in metabolism and energy supply. Mol. Cell. Biochem. 2020, 467, 1–12. [CrossRef]
5. Leyane, T.S.; Jere, S.W.; Houreld, N.N. Oxidative Stress in Ageing and Chronic Degenerative Pathologies: Molecular Mechanisms

Involved in Counteracting Oxidative Stress and Chronic Inflammation. Int. J. Mol. Sci. 2022, 23, 7273. [CrossRef] [PubMed]
6. Liu, Z.; Ren, Z.; Zhang, J.; Chuang, C.C.; Kandaswamy, E.; Zhou, T.; Zuo, L. Role of ROS and Nutritional Antioxidants in Human

Diseases. Front. Physiol. 2018, 9, 477. [CrossRef]
7. Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory

Signaling. Circ. Res. 2018, 122, 877–902. [CrossRef]

BioRender.com
http://doi.org/10.1159/000506103
http://www.ncbi.nlm.nih.gov/pubmed/32155629
http://doi.org/10.1001/jamadermatol.2021.4724
http://www.ncbi.nlm.nih.gov/pubmed/34787670
http://doi.org/10.12659/MSM.914898
http://www.ncbi.nlm.nih.gov/pubmed/30723188
http://doi.org/10.1007/s11010-019-03667-9
http://doi.org/10.3390/ijms23137273
http://www.ncbi.nlm.nih.gov/pubmed/35806275
http://doi.org/10.3389/fphys.2018.00477
http://doi.org/10.1161/CIRCRESAHA.117.311401


Cells 2023, 12, 936 13 of 17

8. Solano, F. Photoprotection and Skin Pigmentation: Melanin-Related Molecules and Some Other New Agents Obtained from
Natural Sources. Molecules 2020, 25, 1537. [CrossRef]

9. Katerji, M.; Filippova, M.; Duerksen-Hughes, P. Approaches and Methods to Measure Oxidative Stress in Clinical Samples:
Research Applications in the Cancer Field. Oxid. Med. Cell. Longev. 2019, 2019, 1279250. [CrossRef] [PubMed]

10. Sravani, P.V.; Babu, N.K.; Gopal, K.V.; Rao, G.R.; Rao, A.R.; Moorthy, B.; Rao, T.R. Determination of oxidative stress in vitiligo by
measuring superoxide dismutase and catalase levels in vitiliginous and non-vitiliginous skin. Indian. J. Dermatol. Venereol. Leprol.
2009, 75, 268–271. [CrossRef]

11. Li, S.; Dai, W.; Wang, S.; Kang, P.; Ye, Z.; Han, P.; Zeng, K.; Li, C. Clinical Significance of Serum Oxidative Stress Markers to Assess
Disease Activity and Severity in Patients with Non-Segmental Vitiligo. Front. Cell. Dev. Biol. 2021, 9, 739413. [CrossRef]

12. Dammak, I.; Boudaya, S.; Ben Abdallah, F.; Turki, H.; Attia, H.; Hentati, B. Antioxidant enzymes and lipid peroxidation at the
tissue level in patients with stable and active vitiligo. Int. J. Dermatol. 2009, 48, 476–480. [CrossRef]

13. Xuan, Y.; Yang, Y.; Xiang, L.; Zhang, C. The Role of Oxidative Stress in the Pathogenesis of Vitiligo: A Culprit for Melanocyte
Death. Oxid. Med. Cell. Longev. 2022, 2022, 8498472. [CrossRef]

14. Abdel-Malek, Z.A.; Jordan, C.; Ho, T.; Upadhyay, P.R.; Fleischer, A.; Hamzavi, I. The enigma and challenges of vitiligo
pathophysiology and treatment. Pigment. Cell Melanoma Res. 2020, 33, 778–787. [CrossRef]

15. Dell’Anna, M.L.; Ottaviani, M.; Bellei, B.; Albanesi, V.; Cossarizza, A.; Rossi, L.; Picardo, M. Membrane lipid defects are
responsible for the generation of reactive oxygen species in peripheral blood mononuclear cells from vitiligo patients. J. Cell.
Physiol. 2010, 223, 187–193. [CrossRef]

16. Dell’Anna, M.L.; Ottaviani, M.; Kovacs, D.; Mirabilii, S.; Brown, D.A.; Cota, C.; Migliano, E.; Bastonini, E.; Bellei, B.; Cardinali, G.;
et al. Energetic mitochondrial failing in vitiligo and possible rescue by cardiolipin. Sci. Rep. 2017, 7, 13663. [CrossRef]

17. Laddha, N.C.; Dwivedi, M.; Gani, A.R.; Shajil, E.M.; Begum, R. Involvement of superoxide dismutase isoenzymes and their
genetic variants in proression of and higher susceptibility to vitiligo. Free Radic. Bio. Med. 2013, 65, 1110–1125. [CrossRef]

18. Ezzedine, K.; Eleftheriadou, V.; Whitton, M.; van Geel, N. Vitiligo. Lancet 2015, 386, 74–84. [CrossRef]
19. Traks, T.; Keermann, M.; Karelson, M.; Ratsep, R.; Reimann, E.; Silm, H.; Vasar, E.; Koks, S.; Kingo, K. Polymorphisms in Toll-like

receptor genes are associated with vitiligo. Front. Genet. 2015, 6, 278. [CrossRef]
20. Laddha, N.C.; Dwivedi, M.; Mansuri, M.S.; Gani, A.R.; Ansarullah, M.; Ramachandran, A.V.; Dalai, S.; Begum, R. Vitiligo:

Interplay between oxidative stress and immune system. Exp. Dermatol. 2013, 22, 245–250. [CrossRef]
21. Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS

Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med. Cell. Longev. 2019, 2019, 6175804.
[CrossRef]

22. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell.
Longev. 2016, 2016, 4350965. [CrossRef]

23. Solano, F. Photoprotection versus photodamage: Updating an old but still unsolved controversy about melanin. Polym. Int. 2016,
65, 1276–1287. [CrossRef]

24. Hushcha, Y.; Blo, I.; Oton-Gonzalez, L.; Mauro, G.D.; Martini, F.; Tognon, M.; Mattei, M. microRNAs in the Regulation of
Melanogenesis. Int. J. Mol. Sci. 2021, 22, 6104. [CrossRef]

25. Fu, C.; Chen, J.; Lu, J.; Yi, L.; Tong, X.; Kang, L.; Pei, S.; Ouyang, Y.; Jiang, L.; Ding, Y.; et al. Roles of inflammation factors in
melanogenesis. Mol. Med. Rep. 2020, 21, 1421–1430. [CrossRef]

26. Song, Y.; Chen, S.; Li, L.; Zeng, Y.; Hu, X. The Hypopigmentation Mechanism of Tyrosinase Inhibitory Peptides Derived from
Food Proteins: An Overview. Molecules 2022, 27, 2710. [CrossRef]

27. Baird, L.; Yamamoto, M. The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway. Mol. Cell. Biol. 2020, 40, e00099-20.
[CrossRef]

28. Cuadrado, A.; Rojo, A.I.; Wells, G.; Hayes, J.D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.; Levonen, A.L.; Kensler,
T.W.; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat. Rev. Drug Discov. 2019, 18,
295–317. [CrossRef]

29. Shin, J.M.; Kim, M.Y.; Sohn, K.C.; Jung, S.Y.; Lee, H.E.; Lim, J.W.; Kim, S.; Lee, Y.H.; Im, M.; Seo, Y.J.; et al. Nrf2 negatively
regulates melanogenesis by modulating PI3K/Akt signaling. PLoS ONE 2014, 9, e96035. [CrossRef]

30. Manga, P.; Choudhury, N. The unfolded protein and integrated stress response in melanoma and vitiligo. Pigment Cell Melanoma
Res. 2021, 34, 204–211. [CrossRef]

31. Song, P.; Li, K.; Liu, L.; Wang, X.; Jian, Z.; Zhang, W.; Wang, G.; Li, C.; Gao, T. Genetic polymorphism of the Nrf2 promoter region
is associated with vitiligo risk in Han Chinese populations. J. Cell. Mol. Med. 2016, 20, 1840–1850. [CrossRef]

32. Natarajan, V.T.; Singh, A.; Kumar, A.A.; Sharma, P.; Kar, H.K.; Marrot, L.; Meunier, J.R.; Natarajan, K.; Rani, R.; Gokhale, R.S.
Transcriptional upregulation of Nrf2-dependent phase II detoxification genes in the involved epidermis of vitiligo vulgaris.
J. Investig. Dermatol. 2010, 130, 2781–2789. [CrossRef] [PubMed]

33. Schallreuter, K.U.; Rubsam, K.; Gibbons, N.C.; Maitland, D.J.; Chavan, B.; Zothner, C.; Rokos, H.; Wood, J.M. Methionine sulfoxide
reductases A and B are deactivated by hydrogen peroxide (H2O2) in the epidermis of patients with vitiligo. J. Investig. Dermatol.
2008, 128, 808–815. [CrossRef]

34. Ahmed, S.M.; Luo, L.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 585–597. [CrossRef] [PubMed]

http://doi.org/10.3390/molecules25071537
http://doi.org/10.1155/2019/1279250
http://www.ncbi.nlm.nih.gov/pubmed/30992736
http://doi.org/10.4103/0378-6323.48427
http://doi.org/10.3389/fcell.2021.739413
http://doi.org/10.1111/j.1365-4632.2009.03998.x
http://doi.org/10.1155/2022/8498472
http://doi.org/10.1111/pcmr.12878
http://doi.org/10.1002/jcp.22027
http://doi.org/10.1038/s41598-017-13961-5
http://doi.org/10.1016/j.freeradbiomed.2013.08.189
http://doi.org/10.1016/S0140-6736(14)60763-7
http://doi.org/10.3389/fgene.2015.00278
http://doi.org/10.1111/exd.12103
http://doi.org/10.1155/2019/6175804
http://doi.org/10.1155/2016/4350965
http://doi.org/10.1002/pi.5117
http://doi.org/10.3390/ijms22116104
http://doi.org/10.3892/mmr.2020.10950
http://doi.org/10.3390/molecules27092710
http://doi.org/10.1128/MCB.00099-20
http://doi.org/10.1038/s41573-018-0008-x
http://doi.org/10.1371/journal.pone.0096035
http://doi.org/10.1111/pcmr.12947
http://doi.org/10.1111/jcmm.12874
http://doi.org/10.1038/jid.2010.201
http://www.ncbi.nlm.nih.gov/pubmed/20664557
http://doi.org/10.1038/sj.jid.5701100
http://doi.org/10.1016/j.bbadis.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27825853


Cells 2023, 12, 936 14 of 17

35. Paul, M.K.; Bisht, B.; Darmawan, D.O.; Chiou, R.; Ha, V.L.; Wallace, W.D.; Chon, A.T.; Hegab, A.E.; Grogan, T.; Elashoff, D.A.;
et al. Dynamic changes in intracellular ROS levels regulate airway basal stem cell homeostasis through Nrf2-dependent Notch
signaling. Cell. Stem Cell. 2014, 15, 199–214. [CrossRef] [PubMed]

36. Zhang, J.; Hu, W.; Wang, P.; Ding, Y.; Wang, H.; Kang, X. Research Progress on Targeted Antioxidant Therapy and Vitiligo. Oxid.
Med. Cell. Longev. 2022, 2022, 1821780. [CrossRef] [PubMed]

37. Xiong, J.; Yang, J.; Yan, K.; Guo, J. Ginsenoside Rk1 protects human melanocytes from H2O2-induced oxidative injury via
regulation of the PI3K/AKT/Nrf2/HO1 pathway. Mol. Med. Rep. 2021, 24, 821. [CrossRef]

38. Wagner, R.Y.; Luciani, F.; Cario-Andre, M.; Rubod, A.; Petit, V.; Benzekri, L.; Ezzedine, K.; Lepreux, S.; Steingrimsson, E.; Taieb, A.;
et al. Altered E-Cadherin Levels and Distribution in Melanocytes Precede Clinical Manifestations of Vitiligo. J. Investig. Dermatol.
2015, 135, 1810–1819. [CrossRef]

39. Delmas, V.; Larue, L. Molecular and cellular basis of depigmentation in vitiligo patients. Exp. Dermatol. 2019, 28, 662–666.
[CrossRef]

40. Larue, L.; Antos, C.; Butz, S.; Huber, O.; Delmas, V.; Dominis, M.; Kemler, R. A role for cadherins in tissue formation. Development
1996, 122, 3185–3194. [CrossRef]

41. Kim, N.H.; Lee, A.Y. Reduced aquaporin3 expression and survival of keratinocytes in the depigmented epidermis of vitiligo.
J. Investig. Dermatol. 2010, 130, 2231–2239. [CrossRef] [PubMed]

42. Kovacs, D.; Bastonini, E.; Briganti, S.; Ottaviani, M.; D’Arino, A.; Truglio, M.; Sciuto, L.; Zaccarini, M.; Pacifico, A.; Cota, C.; et al.
Altered epidermal proliferation, differentiation, and lipid composition: Novel key elements in the vitiligo puzzle. Sci. Adv. 2022,
8, eabn9299. [CrossRef] [PubMed]

43. Seneschal, J.; Boniface, K.; D’Arino, A.; Picardo, M. An update on Vitiligo pathogenesis. Pigment Cell Melanoma Res. 2021, 34,
236–243. [CrossRef] [PubMed]

44. Boukhedouni, N.; Martins, C.; Darrigade, A.S.; Drullion, C.; Rambert, J.; Barrault, C.; Garnier, J.; Jacquemin, C.; Thiolat, D.;
Lucchese, F.; et al. Type-1 cytokines regulate MMP-9 production and E-cadherin disruption to promote melanocyte loss in vitiligo.
JCI Insight 2020, 5, e133772. [CrossRef]

45. Rani, S.; Chauhan, R.; Parsad, D.; Kumar, R. Effect of Dickkopf1 on the senescence of melanocytes: In vitro study. Arch. Dermatol.
Res. 2018, 310, 343–350. [CrossRef]

46. Kovacs, D.; Bastonini, E.; Ottaviani, M.; Cota, C.; Migliano, E.; Dell’Anna, M.L.; Picardo, M. Vitiligo Skin: Exploring the Dermal
Compartment. J. Investig. Dermatol. 2018, 138, 394–404. [CrossRef] [PubMed]

47. Singh, M.; Mansuri, M.S.; Kadam, A.; Palit, S.P.; Dwivedi, M.; Laddha, N.C.; Begum, R. Tumor Necrosis Factor-alpha affects
melanocyte survival and melanin synthesis via multiple pathways in vitiligo. Cytokine 2021, 140, 155432. [CrossRef]

48. Laddha, N.C.; Dwivedi, M.; Gani, A.R.; Mansuri, M.S.; Begum, R. Tumor necrosis factor B (TNFB) genetic variants and its
increased expression are associated with vitiligo susceptibility. PLoS ONE 2013, 8, e81736. [CrossRef]

49. Dwivedi, M.; Laddha, N.C.; Shah, K.; Shah, B.J.; Begum, R. Involvement of interferon-gamma genetic variants and intercellular
adhesion molecule-1 in onset and progression of generalized vitiligo. J. Interferon. Cytokine Res. 2013, 33, 646–659. [CrossRef]

50. Wu, X.; Yang, Y.; Xiang, L.; Zhang, C. The fate of melanocyte: Mechanisms of cell death in vitiligo. Pigment Cell Melanoma Res.
2021, 34, 256–267. [CrossRef]

51. Kumar, R.; Parsad, D.; Kanwar, A.J.; Kaul, D. Altered levels of LXR-alpha: Crucial implications in the pathogenesis of vitiligo.
Exp. Dermatol. 2012, 21, 853–858. [CrossRef]

52. Lee, A.-Y. Role of Keratinocytes in the Development of Vitiligo. Ann Dermatol. 2012, 24, 115–125. [CrossRef] [PubMed]
53. Chang, W.L.; Lee, W.R.; Kuo, Y.C.; Huang, Y.H. Vitiligo: An Autoimmune Skin Disease and its Immunomodulatory Therapeutic

Intervention. Front. Cell Dev. Biol. 2021, 9, 797026. [CrossRef]
54. Jimbo, H.; Nagai, H.; Fujiwara, S.; Shimoura, N.; Nishigori, C. Fas-FasL interaction in cytotoxic T cell-mediated vitiligo: The role

of lesional expression of tumor necrosis factor-α and interferon-γ in Fas-mediated melanocyte apoptosis. Exp. Dermatol. 2020, 29,
61–70. [CrossRef]

55. Tulic, M.K.; Cavazza, E.; Cheli, Y.; Jacquel, A.; Luci, C.; Cardot-Leccia, N.; Hadhiri-Bzioueche, H.; Abbe, P.; Gesson, M.; Sormani,
L.; et al. Innate lymphocyte-induced CXCR3B-mediated melanocyte apoptosis is a potential initiator of T-cell autoreactivity in
vitiligo. Nat. Commun. 2019, 10, 2178. [CrossRef] [PubMed]

56. Sastry, K.S.; Naeem, H.; Mokrab, Y.; Chouchane, A.I. RNA-seq Reveals Dysregulation of Novel Melanocyte Genes upon Oxidative
Stress: Implications in Vitiligo Pathogenesis. Oxid. Med. Cell Longev. 2019, 2019, 2841814. [CrossRef] [PubMed]

57. Tian, J.; Wang, Y.; Ding, M.; Zhang, Y.; Chi, J.; Wang, T.; Jiao, B.; Jian, Z.; Yi, X.; Huang, Y.; et al. The Formation of Melanocyte
Apoptotic Bodies in Vitiligo and the Relocation of Vitiligo Autoantigens under Oxidative Stress. Oxid. Med. Cell Longev. 2021,
2021, 7617839. [CrossRef]

58. van den Wijngaard, R.M.; Aten, J.; Scheepmaker, A.; Le Poole, I.C.; Tigges, A.J.; Westerhof, W.; Das, P.K. Expression and
modulation of apoptosis regulatory molecules in human melanocytes: Significance in vitiligo. Br. J. Dermatol. 2000, 143, 573–581.
[CrossRef] [PubMed]

59. Zhang, Y.; Liu, L.; Jin, L.; Yi, X.; Dang, E.; Yang, Y.; Li, C.; Gao, T. Oxidative stress-induced calreticulin expression and translocation:
New insights into the destruction of melanocytes. J. Investig. Dermatol. 2014, 134, 183–191. [CrossRef]

60. Kroemer, G.; Mariño, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell. 2010, 40, 280–293. [CrossRef]

http://doi.org/10.1016/j.stem.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24953182
http://doi.org/10.1155/2022/1821780
http://www.ncbi.nlm.nih.gov/pubmed/35320978
http://doi.org/10.3892/mmr.2021.12462
http://doi.org/10.1038/jid.2015.25
http://doi.org/10.1111/exd.13858
http://doi.org/10.1242/dev.122.10.3185
http://doi.org/10.1038/jid.2010.99
http://www.ncbi.nlm.nih.gov/pubmed/20428189
http://doi.org/10.1126/sciadv.abn9299
http://www.ncbi.nlm.nih.gov/pubmed/36054352
http://doi.org/10.1111/pcmr.12949
http://www.ncbi.nlm.nih.gov/pubmed/33278065
http://doi.org/10.1172/jci.insight.133772
http://doi.org/10.1007/s00403-018-1820-1
http://doi.org/10.1016/j.jid.2017.06.033
http://www.ncbi.nlm.nih.gov/pubmed/29024688
http://doi.org/10.1016/j.cyto.2021.155432
http://doi.org/10.1371/journal.pone.0081736
http://doi.org/10.1089/jir.2012.0171
http://doi.org/10.1111/pcmr.12955
http://doi.org/10.1111/exd.12017
http://doi.org/10.5021/ad.2012.24.2.115
http://www.ncbi.nlm.nih.gov/pubmed/22577260
http://doi.org/10.3389/fcell.2021.797026
http://doi.org/10.1111/exd.14053
http://doi.org/10.1038/s41467-019-09963-8
http://www.ncbi.nlm.nih.gov/pubmed/31097717
http://doi.org/10.1155/2019/2841814
http://www.ncbi.nlm.nih.gov/pubmed/31871544
http://doi.org/10.1155/2021/7617839
http://doi.org/10.1111/j.1365-2133.2000.03712.x
http://www.ncbi.nlm.nih.gov/pubmed/10971331
http://doi.org/10.1038/jid.2013.268
http://doi.org/10.1016/j.molcel.2010.09.023


Cells 2023, 12, 936 15 of 17

61. Kovacs, D.; Cardinali, G.; Picardo, M.; Bastonini, E. Shining Light on Autophagy in Skin Pigmentation and Pigmentary Disorders.
Cells 2022, 11, 2999. [CrossRef] [PubMed]

62. Yu, H.; Lin, X.; Huang, Y.; Cheng, H.; Seifert, O. The Difference in Expression of Autophagy-Related Proteins in Lesional and
Perilesional Skin in Adult Patients with Active and Stable Generalized Vitiligo-A Cross-Sectional Pilot Study. Indian J. Dermatol.
2021, 66, 331–336. [CrossRef] [PubMed]

63. Kim, H.J.; Park, J.; Kim, S.K.; Park, H.; Kim, J.E.; Lee, S. Autophagy: Guardian of Skin Barrier. Biomedicines 2022, 10, 1817.
[CrossRef] [PubMed]

64. Bastonini, E.; Kovacs, D.; Raffa, S.; Delle Macchie, M.; Pacifico, A.; Iacovelli, P.; Torrisi, M.R.; Picardo, M. A protective role for
autophagy in vitiligo. Cell Death Dis. 2021, 12, 318. [CrossRef]

65. Li, J.; Cao, F.; Yin, H.L.; Huang, Z.J.; Lin, Z.T.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis.
2020, 11, 88. [CrossRef]

66. Xiao, B.H.; Shi, M.; Chen, H.; Cui, S.; Wu, Y.; Gao, X.H.; Chen, H.D. Glutathione Peroxidase Level in Patients with Vitiligo: A
Meta-Analysis. Biomed. Res. Int. 2016, 2016, 3029810. [CrossRef]

67. Wiseman, R.L.; Mesgarzadeh, J.S.; Hendershot, L.M. Reshaping endoplasmic reticulum quality control through the unfolded
protein response. Mol. Cell. 2022, 82, 1477–1491. [CrossRef]

68. Read, A.; Schröder, M. The Unfolded Protein Response: An Overview. Biology 2021, 10, 384. [CrossRef]
69. Jadeja, S.D.; Mayatra, J.M.; Vaishnav, J.; Shukla, N.; Begum, R. A Concise Review on the Role of Endoplasmic Reticulum Stress in

the Development of Autoimmunity in Vitiligo Pathogenesis. Front. Immunol. 2020, 11, 624566. [CrossRef]
70. Liu, C.Y.; Schröder, M.; Kaufman, R.J. Ligand-independent dimerization activates the stress response kinases IRE1 and PERK in

the lumen of the endoplasmic reticulum. J. Biol. Chem. 2000, 275, 24881–24885. [CrossRef]
71. Wang, Y.; Shen, J.; Arenzana, N.; Tirasophon, W.; Kaufman, R.J.; Prywes, R. Activation of ATF6 and an ATF6 DNA binding site by

the endoplasmic reticulum stress response. J. Biol. Chem. 2000, 275, 27013–27020. [CrossRef]
72. Martinon, F.; Chen, X.; Lee, A.H.; Glimcher, L.H. TLR activation of the transcription factor XBP1 regulates innate immune

responses in macrophages. Nat. Immunol. 2010, 11, 411–418. [CrossRef]
73. Osorio, F.; Tavernier, S.J.; Hoffmann, E.; Saeys, Y.; Martens, L.; Vetters, J.; Delrue, I.; De Rycke, R.; Parthoens, E.; Pouliot, P.; et al.

The unfolded-protein-response sensor IRE-1α regulates the function of CD8α+ dendritic cells. Nat. Immunol. 2014, 15, 248–257.
[CrossRef]

74. Toosi, S.; Orlow, S.J.; Manga, P. Vitiligo-inducing phenols activate the unfolded protein response in melanocytes resulting in
upregulation of IL6 and IL8. J. Investig. Dermatol. 2012, 132, 2601–2609. [CrossRef] [PubMed]

75. Rezk, A.F.; Kemp, D.M.; El-Domyati, M.; El-Din, W.H.; Lee, J.B.; Uitto, J.; Igoucheva, O.; Alexeev, V. Misbalanced CXCL12 and
CCL5 Chemotactic Signals in Vitiligo Onset and Progression. J. Investig. Dermatol. 2017, 137, 1126–1134. [CrossRef] [PubMed]

76. Li, S.; Zhu, G.; Yang, Y.; Jian, Z.; Guo, S.; Dai, W.; Shi, Q.; Ge, R.; Ma, J.; Liu, L.; et al. Oxidative stress drives CD8(+) T-cell skin
trafficking in patients with vitiligo through CXCL16 upregulation by activating the unfolded protein response in keratinocytes.
J. Allergy Clin. Immunol. 2017, 140, 177–189.e179. [CrossRef] [PubMed]

77. Mosenson, J.A.; Flood, K.; Klarquist, J.; Eby, J.M.; Koshoffer, A.; Boissy, R.E.; Overbeck, A.; Tung, R.C.; Le Poole, I.C. Preferential
secretion of inducible HSP70 by vitiligo melanocytes under stress. Pigment Cell Melanoma Res. 2014, 27, 209–220. [CrossRef]

78. Mosenson, J.A.; Zloza, A.; Klarquist, J.; Barfuss, A.J.; Guevara-Patino, J.A.; Poole, I.C. HSP70i is a critical component of the
immune response leading to vitiligo. Pigment Cell Melanoma Res. 2012, 25, 88–98. [CrossRef]

79. Mosenson, J.A.; Eby, J.M.; Hernandez, C.; Le Poole, I.C. A central role for inducible heat-shock protein 70 in autoimmune vitiligo.
Exp. Dermatol. 2013, 22, 566–569. [CrossRef]

80. Kroll, T.M.; Bommiasamy, H.; Boissy, R.E.; Hernandez, C.; Nickoloff, B.J.; Mestril, R.; Caroline Le Poole, I. 4-Tertiary butyl phenol
exposure sensitizes human melanocytes to dendritic cell-mediated killing: Relevance to vitiligo. J. Investig. Dermatol. 2005, 124,
798–806. [CrossRef]

81. Theriault, J.R.; Mambula, S.S.; Sawamura, T.; Stevenson, M.A.; Calderwood, S.K. Extracellular HSP70 binding to surface receptors
present on antigen presenting cells and endothelial/epithelial cells. FEBS Lett. 2005, 579, 1951–1960. [CrossRef] [PubMed]

82. Millar, D.G.; Garza, K.M.; Odermatt, B.; Elford, A.R.; Ono, N.; Li, Z.; Ohashi, P.S. Hsp70 promotes antigen-presenting cell function
and converts T-cell tolerance to autoimmunity in vivo. Nat. Med. 2003, 9, 1469–1476. [CrossRef] [PubMed]

83. Denman, C.J.; McCracken, J.; Hariharan, V.; Klarquist, J.; Oyarbide-Valencia, K.; Guevara-Patino, J.A.; Le Poole, I.C. HSP70i
accelerates depigmentation in a mouse model of autoimmune vitiligo. J. Investig. Dermatol. 2008, 128, 2041–2048. [CrossRef]
[PubMed]

84. Henning, S.W.; Fernandez, M.F.; Mahon, J.P.; Duff, R.; Azarafrooz, F.; Guevara-Patino, J.A.; Rademaker, A.W.; Salzman, A.L.; Le
Poole, I.C. HSP70iQ435A-Encoding DNA Repigments Vitiligo Lesions in Sinclair Swine. J. Investig. Dermatol. 2018, 138, 2531–2539.
[CrossRef] [PubMed]

85. Frisoli, M.L.; Harris, J.E. Treatment with Modified Heat Shock Protein Repigments Vitiligo Lesions in Sinclair Swine. J. Investig.
Dermatol. 2018, 138, 2505–2506. [CrossRef] [PubMed]

86. Glassman, S.J. Vitiligo, reactive oxygen species and T-cells. Clin. Sci. 2011, 120, 99–120. [CrossRef] [PubMed]
87. Marchioro, H.Z.; Silva de Castro, C.C.; Fava, V.M.; Sakiyama, P.H.; Dellatorre, G.; Miot, H.A. Update on the pathogenesis of

vitiligo. An. Bras. Dermatol. 2022, 97, 478–490. [CrossRef] [PubMed]

http://doi.org/10.3390/cells11192999
http://www.ncbi.nlm.nih.gov/pubmed/36230960
http://doi.org/10.4103/0019-5154.343310
http://www.ncbi.nlm.nih.gov/pubmed/35656281
http://doi.org/10.3390/biomedicines10081817
http://www.ncbi.nlm.nih.gov/pubmed/36009363
http://doi.org/10.1038/s41419-021-03592-0
http://doi.org/10.1038/s41419-020-2298-2
http://doi.org/10.1155/2016/3029810
http://doi.org/10.1016/j.molcel.2022.03.025
http://doi.org/10.3390/biology10050384
http://doi.org/10.3389/fimmu.2020.624566
http://doi.org/10.1074/jbc.M004454200
http://doi.org/10.1016/S0021-9258(19)61473-0
http://doi.org/10.1038/ni.1857
http://doi.org/10.1038/ni.2808
http://doi.org/10.1038/jid.2012.181
http://www.ncbi.nlm.nih.gov/pubmed/22696056
http://doi.org/10.1016/j.jid.2016.12.028
http://www.ncbi.nlm.nih.gov/pubmed/28132854
http://doi.org/10.1016/j.jaci.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27826097
http://doi.org/10.1111/pcmr.12208
http://doi.org/10.1111/j.1755-148X.2011.00916.x
http://doi.org/10.1111/exd.12183
http://doi.org/10.1111/j.0022-202X.2005.23653.x
http://doi.org/10.1016/j.febslet.2005.02.046
http://www.ncbi.nlm.nih.gov/pubmed/15792802
http://doi.org/10.1038/nm962
http://www.ncbi.nlm.nih.gov/pubmed/14625545
http://doi.org/10.1038/jid.2008.45
http://www.ncbi.nlm.nih.gov/pubmed/18337834
http://doi.org/10.1016/j.jid.2018.06.186
http://www.ncbi.nlm.nih.gov/pubmed/30031029
http://doi.org/10.1016/j.jid.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30466536
http://doi.org/10.1042/CS20090603
http://www.ncbi.nlm.nih.gov/pubmed/20958268
http://doi.org/10.1016/j.abd.2021.09.008
http://www.ncbi.nlm.nih.gov/pubmed/35643735


Cells 2023, 12, 936 16 of 17

88. Xie, H.; Zhou, F.; Liu, L.; Zhu, G.; Li, Q.; Li, C.; Gao, T. Vitiligo: How do oxidative stress-induced autoantigens trigger
autoimmunity? J. Dermatol. Sci. 2016, 81, 3–9. [CrossRef]

89. Jacquemin, C.; Rambert, J.; Guillet, S.; Thiolat, D.; Boukhedouni, N.; Doutre, M.S.; Darrigade, A.S.; Ezzedine, K.; Blanco, P.; Taieb,
A.; et al. Heat shock protein 70 potentiates interferon alpha production by plasmacytoid dendritic cells: Relevance for cutaneous
lupus and vitiligo pathogenesis. Br. J. Dermatol. 2017, 177, 1367–1375. [CrossRef]

90. Wen, C.; Seeger, R.C.; Fabbri, M.; Wang, L.; Wayne, A.S.; Jong, A.Y. Biological roles and potential applications of immune
cell-derived extracellular vesicles. J. Extracell. Vesicles 2017, 6, 1400370. [CrossRef]

91. Rock, K.L.; Lai, J.J.; Kono, H. Innate and adaptive immune responses to cell death. Immunol. Rev. 2011, 243, 191–205. [CrossRef]
92. Larsabal, M.; Marti, A.; Jacquemin, C.; Rambert, J.; Thiolat, D.; Dousset, L.; Taieb, A.; Dutriaux, C.; Prey, S.; Boniface, K.; et al.

Vitiligo-like lesions occurring in patients receiving anti-programmed cell death-1 therapies are clinically and biologically distinct
from vitiligo. J. Am. Acad. Dermatol. 2017, 76, 863–870. [CrossRef]

93. van den Boorn, J.G.; Konijnenberg, D.; Dellemijn, T.A.; van der Veen, J.P.; Bos, J.D.; Melief, C.J.; Vyth-Dreese, F.A.; Luiten, R.M.
Autoimmune destruction of skin melanocytes by perilesional T cells from vitiligo patients. J. Investig. Dermatol. 2009, 129,
2220–2232. [CrossRef]

94. Abdallah, M.; El-Mofty, M.; Anbar, T.; Rasheed, H.; Esmat, S.; Al-Tawdy, A.; Fawzy, M.M.; Abdel-Halim, D.; Hegazy, R.; Gawdat,
H.; et al. CXCL-10 and Interleukin-6 are reliable serum markers for vitiligo activity: A multicenter cross-sectional study. Pigment.
Cell Melanoma Res. 2018, 31, 330–336. [CrossRef] [PubMed]

95. Wong, P.M.; Yang, L.; Yang, L.; Wu, H.; Li, W.; Ma, X.; Katayama, I.; Zhang, H. New insight into the role of exosomes in vitiligo.
Autoimmun. Rev. 2020, 19, 102664. [CrossRef] [PubMed]

96. Gellatly, K.J.; Strassner, J.P.; Essien, K.; Refat, M.A.; Murphy, R.L.; Coffin-Schmitt, A.; Pandya, A.G.; Tovar-Garza, A.; Frisoli, M.L.;
Fan, X.; et al. scRNA-seq of human vitiligo reveals complex networks of subclinical immune activation and a role for CCR5 in
Treg function. Sci. Transl. Med. 2021, 13, eabd8995. [CrossRef]

97. Grover, P.; Goel, P.N.; Greene, M.I. Regulatory T Cells: Regulation of Identity and Function. Front. Immunol. 2021, 12, 750542.
[CrossRef] [PubMed]

98. Dwivedi, M.; Kemp, E.H.; Laddha, N.C.; Mansuri, M.S.; Weetman, A.P.; Begum, R. Regulatory T cells in vitiligo: Implications for
pathogenesis and therapeutics. Autoimmun. Rev. 2015, 14, 49–56. [CrossRef]

99. Cavalié, M.; Ezzedine, K.; Fontas, E.; Montaudié, H.; Castela, E.; Bahadoran, P.; Taïeb, A.; Lacour, J.P.; Passeron, T. Maintenance
therapy of adult vitiligo with 0.1% tacrolimus ointment: A randomized, double blind, placebo-controlled study. J. Investig.
Dermatol. 2015, 135, 970–974. [CrossRef]

100. Bellei, B.; Papaccio, F.; Picardo, M. Regenerative Medicine-Based Treatment for Vitiligo: An Overview. Biomedicines 2022, 10, 2744.
[CrossRef]

101. Thakur, V.; Kumar, S.; Kumaran, M.S.; Kaushik, H.; Srivastava, N.; Parsad, D. Efficacy of Transplantation of Combination of
Noncultured Dermal and Epidermal Cell Suspension vs Epidermal Cell Suspension Alone in Vitiligo: A Randomized Clinical
Trial. JAMA Dermatol. 2019, 155, 204–210. [CrossRef] [PubMed]

102. Sanclemente, G.; Garcia, J.J.; Zuleta, J.J.; Diehl, C.; Correa, C.; Falabella, R. A double-blind, randomized trial of 0.05% betametha-
sone vs. topical catalase/dismutase superoxide in vitiligo. J. Eur. Acad. Dermatol. Venereol. 2008, 22, 1359–1364. [CrossRef]
[PubMed]

103. Chen, J.; Li, S.; Li, C. Mechanisms of melanocyte death in vitiligo. Med. Res. Rev. 2021, 41, 1138–1166. [CrossRef] [PubMed]
104. Bekerecioglu, M.; Tercan, M.; Ozyazgan, I. The effect of Gingko biloba extract (Egb 761) as a free radical scavenger on the survival

of skin flaps in rats. A comparative study. Scand. J. Plast. Reconstr. Surg. Hand Surg. 1998, 32, 135–139. [CrossRef] [PubMed]
105. Zhang, S.; Yi, X.; Su, X.; Jian, Z.; Cui, T.; Guo, S.; Gao, T.; Li, C.; Li, S.; Xiao, Q. Ginkgo biloba extract protects human melanocytes

from H2O2-induced oxidative stress by activating Nrf2. J. Cell. Mol. Med. 2019, 23, 5193–5199. [CrossRef] [PubMed]
106. Zhang, B.; Wang, J.; Zhao, G.; Lin, M.; Lang, Y.; Zhang, D.; Feng, D.; Tu, C. Apigenin protects human melanocytes against

oxidative damage by activation of the Nrf2 pathway. Cell Stress Chaperones 2020, 25, 277–285. [CrossRef]
107. Ma, J.; Li, S.; Zhu, L.; Guo, S.; Yi, X.; Cui, T.; He, Y.; Chang, Y.; Liu, B.; Li, C.; et al. Baicalein protects human vitiligo melanocytes

from oxidative stress through activation of NF-E2-related factor2 (Nrf2) signaling pathway. Free Radic. Biol. Med. 2018, 129,
492–503. [CrossRef]

108. Mir-Palomo, S.; Nacher, A.; Ofelia Vila Buso, M.A.; Caddeo, C.; Manca, M.L.; Manconi, M.; Diez-Sales, O. Baicalin and berberine
ultradeformable vesicles as potential adjuvant in vitiligo therapy. Colloids Surf. B Biointerfaces 2019, 175, 654–662. [CrossRef]

109. Yang, B.; Yang, Q.; Yang, X.; Yan, H.B.; Lu, Q.P. Hyperoside protects human primary melanocytes against H2O2-induced oxida-tive
damage. Mol. Med. Rep. 2016, 13, 4613–4619. [CrossRef]

110. Yin, L.; Niu, C.; Liao, L.X.; Dou, J.; Habasi, M.; Aisa, H.A. An Isoxazole Chalcone Derivative Enhances Melanogenesis in B16
Melanoma Cells via the Akt/GSK3beta/beta-Catenin Signaling Pathways. Molecules 2017, 22, 2077. [CrossRef]

111. Mou, K.; Pan, W.; Han, D.; Wen, X.; Cao, F.; Miao, Y.; Li, P. Glycyrrhizin protects human melanocytes from H2O2-induced
oxidative damage via the Nrf2dependent induction of HO1. Int. J. Mol. Med. 2019, 44, 253–261. [CrossRef] [PubMed]

112. Jung, E.; Kim, J.H.; Kim, M.O.; Lee, S.Y.; Lee, J. Melanocyte-protective effect of afzelin is mediated by the Nrf2-ARE signalling
pathway via GSK-3beta inactivation. Exp. Dermatol. 2017, 26, 764–770. [CrossRef] [PubMed]

113. Yang, L.; Yang, F.; Teng, L.; Katayama, I. 6-Shogaol Protects Human Melanocytes against Oxidative Stress through Activation of
the Nrf2-Antioxidant Response Element Signaling Pathway. Int. J. Mol. Sci. 2020, 21, 3537. [CrossRef]

http://doi.org/10.1016/j.jdermsci.2015.09.003
http://doi.org/10.1111/bjd.15550
http://doi.org/10.1080/20013078.2017.1400370
http://doi.org/10.1111/j.1600-065X.2011.01040.x
http://doi.org/10.1016/j.jaad.2016.10.044
http://doi.org/10.1038/jid.2009.32
http://doi.org/10.1111/pcmr.12667
http://www.ncbi.nlm.nih.gov/pubmed/29094481
http://doi.org/10.1016/j.autrev.2020.102664
http://www.ncbi.nlm.nih.gov/pubmed/32942029
http://doi.org/10.1126/scitranslmed.abd8995
http://doi.org/10.3389/fimmu.2021.750542
http://www.ncbi.nlm.nih.gov/pubmed/34675933
http://doi.org/10.1016/j.autrev.2014.10.002
http://doi.org/10.1038/jid.2014.527
http://doi.org/10.3390/biomedicines10112744
http://doi.org/10.1001/jamadermatol.2018.4919
http://www.ncbi.nlm.nih.gov/pubmed/30601885
http://doi.org/10.1111/j.1468-3083.2008.02839.x
http://www.ncbi.nlm.nih.gov/pubmed/18624857
http://doi.org/10.1002/med.21754
http://www.ncbi.nlm.nih.gov/pubmed/33200838
http://doi.org/10.1080/02844319850158741
http://www.ncbi.nlm.nih.gov/pubmed/9646361
http://doi.org/10.1111/jcmm.14393
http://www.ncbi.nlm.nih.gov/pubmed/31148371
http://doi.org/10.1007/s12192-020-01071-7
http://doi.org/10.1016/j.freeradbiomed.2018.10.421
http://doi.org/10.1016/j.colsurfb.2018.12.055
http://doi.org/10.3892/mmr.2016.5107
http://doi.org/10.3390/molecules22122077
http://doi.org/10.3892/ijmm.2019.4200
http://www.ncbi.nlm.nih.gov/pubmed/31115551
http://doi.org/10.1111/exd.13277
http://www.ncbi.nlm.nih.gov/pubmed/27992083
http://doi.org/10.3390/ijms21103537


Cells 2023, 12, 936 17 of 17

114. Chang, Y.; Li, S.; Guo, W.; Yang, Y.; Zhang, W.; Zhang, Q.; He, Y.; Yi, X.; Cui, T.; An, Y.; et al. Simvastatin Protects Human
Melanocytes from H2O2-Induced Oxidative Stress by Activating Nrf2. J. Investig. Dermatol. 2017, 137, 1286–1296. [CrossRef]

115. Jian, Z.; Tang, L.; Yi, X.; Liu, B.; Zhang, Q.; Zhu, G.; Wang, G.; Gao, T.; Li, C. Aspirin induces Nrf2-mediated transcriptional
activation of haem oxygenase-1 in protection of human melanocytes from H2O2-induced oxidative stress. J. Cell. Mol. Med. 2016,
20, 1307–1318. [CrossRef] [PubMed]

116. Lu, W.; Zhao, Y.; Kong, Y.; Zhang, W.; Ma, W.; Li, W.; Wang, K. Geniposide prevents H2O2-induced oxidative damage in
melanocytes by activating the PI3K-Akt signalling pathway. Clin. Exp. Dermatol. 2018, 43, 667–674. [CrossRef] [PubMed]

117. Wang, J.; De-Qiong, X.; Hong, D.Q.; Zhang, Q.Q.; Zhang, J. Attenuation of Myocardial ischemia reperfusion injury by Geniposide
preconditioning in diabetic rats. Curr. Res. Transl. Med. 2019, 67, 35–40. [CrossRef]

118. Bartnik, M.; Slawinska-Brych, A.; Zurek, A.; Kandefer-Szerszen, M.; Zdzisinska, B. 8-methoxypsoralen reduces AKT phosphory-
lation, induces intrinsic and extrinsic apoptotic pathways, and suppresses cell growth of SK-N-AS neuroblastoma and SW620
metastatic colon cancer cells. J. Ethnopharmacol. 2017, 207, 19–29. [CrossRef] [PubMed]

119. Zailaie, M.Z. Decreased proinflammatory cytokine production by peripheral blood mononuclear cells from vitiligo patients
following aspirin treatment. Saudi Med. J. 2005, 26, 799–805.

120. Upala, S.; Sanguankeo, A. Low 25-hydroxyvitamin D levels are associated with vitiligo: A systematic review and meta-analysis.
Photodermatol. Photoimmunol. Photomed. 2016, 32, 181–190. [CrossRef]

121. Tang, L.; Fang, W.; Lin, J.; Li, J.; Wu, W.; Xu, J. Vitamin D protects human melanocytes against oxidative damage by activation of
Wnt/beta-catenin signaling. Lab. Investig. 2018, 98, 1527–1537. [CrossRef]

122. Uchi, H.; Yasumatsu, M.; Morino-Koga, S.; Mitoma, C.; Furue, M. Inhibition of aryl hydrocarbon receptor signaling and induction
of NRF2-mediated antioxidant activity by cinnamaldehyde in human keratinocytes. J. Dermatol. Sci. 2017, 85, 36–43. [CrossRef]
[PubMed]

123. Song, X.; Xu, A.; Pan, W.; Wallin, B.; Kivlin, R.; Lu, S.; Cao, C.; Bi, Z.; Wan, Y. Minocycline protects melanocytes against
H2O2-induced cell death via JNK and p38 MAPK pathways. Int. J. Mol. Med. 2008, 22, 9–16. [PubMed]

124. Bellei, B.; Papaccio, F.; Filoni, A.; Caputo, S.; Lopez, G.; Migliano, E.; Picardo, M. Extracellular fraction of adipose tissue as an
innovative regenerative approach for vitiligo treatment. Exp. Dermatol. 2019, 28, 695–703. [CrossRef] [PubMed]

125. Zhu, L.; Lin, X.; Zhi, L.; Fang, Y.; Lin, K.; Li, K.; Wu, L. Mesenchymal stem cells promote human melanocytes proliferation and
resistance to apoptosis through PTEN pathway in vitiligo. Stem Cell Res. Ther. 2020, 11, 26. [CrossRef]

126. Fang, W.; Tang, L.; Wang, G.; Lin, J.; Liao, W.; Pan, W.; Xu, J. Molecular Hydrogen Protects Human Melanocytes from Oxidative
Stress by Activating Nrf2 Signaling. J. Investig. Dermatol. 2020, 140, 2230–2241.e2239. [CrossRef]

127. Tsuji, G.; Hashimoto-Hachiya, A.; Takemura, M.; Kanemaru, T.; Ichihashi, M.; Furue, M. Palladium and Platinum Nanoparticles
Activate AHR and NRF2 in Human Keratinocytes-Implications in Vitiligo Therapy. J. Investig. Dermatol. 2017, 137, 1582–1586.
[CrossRef]

128. Sun, M.C.; Xu, X.L.; Lou, X.F.; Du, Y.Z. Recent Progress and Future Directions: The Nano-Drug Delivery System for the Treatment
of Vitiligo. Int. J. Nanomedicine 2020, 15, 3267–3279. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jid.2017.01.020
http://doi.org/10.1111/jcmm.12812
http://www.ncbi.nlm.nih.gov/pubmed/26969214
http://doi.org/10.1111/ced.13409
http://www.ncbi.nlm.nih.gov/pubmed/29512905
http://doi.org/10.1016/j.retram.2019.03.002
http://doi.org/10.1016/j.jep.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28627461
http://doi.org/10.1111/phpp.12241
http://doi.org/10.1038/s41374-018-0126-4
http://doi.org/10.1016/j.jdermsci.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27720465
http://www.ncbi.nlm.nih.gov/pubmed/18575770
http://doi.org/10.1111/exd.13954
http://www.ncbi.nlm.nih.gov/pubmed/31066942
http://doi.org/10.1186/s13287-019-1543-z
http://doi.org/10.1016/j.jid.2019.03.1165
http://doi.org/10.1016/j.jid.2017.02.981
http://doi.org/10.2147/IJN.S245326

	Introduction 
	ROS and Melanogenesis 
	Antioxidative Defense and Cellular Responses to ROS Accumulation 
	The Antioxidant, Nuclear Erythroid 2-Related Factor 2 (Nrf2), Pathway 
	Cell Adhesion Defects 
	Cell Death 

	Oxidative Stress and Immunity 
	Innate Immunity 
	Unfolded Protein Response (UPR) 
	Hsp70 
	Exosome Senescence-Associated Secretory Phenotype (SASP) 
	Cell Death Debris 

	Adaptive Immunity 

	Therapeutic Approaches to Ameliorate Oxidative Stress in Vitiligo Patients 
	Conclusions and Perspectives 
	References

